Thymol, the key component of the thyme oil and its derivatives were evaluated for their structure activity relationship as fungicide against Rhizoctonia solani. Since plant-based chemicals are considered as "Generally Recognized as Safe" (GRAS) chemicals, there is great potential to use those and synthetic derivatives against R. solani and other fungal pathogens, in vitro, and in the greenhouse or field conditions. Among the six thymol derivatives evaluated, thymol acetate was considered as the most suitable commercially viable plant-based fungicide due to its superior efficacy as well as lowest residue.
Introduction
Agricultural plants are susceptible to several economically important soilborne fungal diseases. Fungi are considered the foremost important plant pathogen and Rhizoctonia solani is a ubiquitous soilborne fungal pathogen causing damping off, root rot and aerial blights of economically important crops, forest trees, ornamentals and turf grasses, as well as decay of postharvest products.
Soilborne fungal pathogens, including R. solani have been traditionally controlled using chemicals, some of which deplete natural resources, inconsistent in efficacy and toxic to the environment. Thus, eco-friendly management using safer chemicals (biorationals) are being increasingly sought to control plant diseases.
Management of fungal diseases with conventional fungicides has been erratic due to high genetic variability of pathogens. Also, persistence of many fungicides following use has resulted in pathogen resistance to several fungicides, pollution of the environment, and dangerous accumulation of toxic chemicals in the food chain. In fact, the 1996 "Food and Quality Protection Act" of the United States has dramatically restricted the use of many conventional pesticides upon which the American farmers have long depended. Thus, eco-friendly management using safer chemicals (biorationals) are being increasingly sought to control plant diseases.
Plants are inexhaustible reservoirs of secondary metabolites, some of which are antimicrobial in nature and are believed to function as a natural defense mechanism against pests and pathogens. Several of these chemicals are less phytotoxic and easily biodegradable. Many chemicals derived from plants are widely consumed as food additives or are well-known in folk medicine and are traditionally used to protect stored grains to inhibit toxicogenic pathogens and insect pests as well as repellents of insects in household. Since plant chemicals are considered as "Generally Recognized as Safe" (GRAS) chemicals, there is great potential to use those and synthetic derivatives against R. solani both in vitro and in greenhouse conditions. Thymol (5-methyl-2-(1-methylethyl) phenol, PubChem CID: 6989) is a natural monoterpene phenol found primarily in thyme (Thymus vulgaris), oregano (Origanum vulgare), and tangerine (Citrus tangerina) peel [1] . As a component of naturally occurring essential oil, thymol has been demonstrated as potent antifungal agent [2] . The chemical induces lipid peroxidation and disrupts fungal ergosterol biosynthesis and cell membrane integrity [1] [3] [4] . Thymol dissipates from soil within 5 days of treatment, also degrades faster; those features make it an ideal fumigant to control soilborne pathogens [5] . Per the Environmental Protection Agency (EPA), thymol has minimal potential toxicity and poses minimal risk, thus thymol has the potential to be developed as a novel botanical pesticide [1] . Recently submicron emulsion spray formulation of thymol was found to effectively control head blight of wheat caused by Fusarium graminearum [2] . Moreover, thymol was found to act synergistically with nystatin against Candida species [4] .
The present study investigated the antifungal effectiveness of thymol and its six synthetic derivatives against the common soilborne plant pathogenic fungus R. solani with respect to in vitro growth inhibition and biocontrol efficiencies in the greenhouse to suppress cucumber seedling damping off caused by the pa- 
Materials and Methodology

Fungal Isolate
A highly virulent and damping-off causing soilborne fungus R. solani anastomosis group (AG) 4, isolate Rs 23A [6] was used for antifungal bioassay thymol derivatives. The fungus is known to infect many species of vegetables, cereals, ornamentals, turfgrasses, and forest trees [7] . R. solani was maintained on potato dextrose agar (PDA) in sterile disposable plastic Petri plates at 22˚C incubator in dark. R. solani inoculum was prepared for greenhouse bioassay by growing it on sterile cracked wheat as described earlier [8] . A dose response of the R. solani inoculum was conducted by mixing using 0.25, 0.5, 0.75, 1.0, 1.25, and 1.50 g inoculums per kg dry weight potting soil plus sterile water to maintain 25% -30% moisture. The mixture was incubated at room temperature for 2 weeks and the infested soil was used for sowing cucumber (Cucumis sativus L. cv muncher) seeds. The suppression of germination of cucumber seedlings and post-emergence damping-off caused by R. solani off was recorded. The lowest inoculum dose that induced 100% post-emergence damping-off was estimated to be 1 -1.25 g/kg soil (data not shown). For soil fumigation with thymol derivatives, the minimum inoculum dose giving rise to 100% damping-off was used (Table 4) . 
In vitro Poisoned Food Bioassays
The in vitro poisoned food technique was used to investigate the mycelial growth inhibitory potentials of thymol and its derivatives [8] [11] . In brief, 15, 30, 45, 60, 75, and 150 μL of test chemicals were mixed per 20 mL of autoclaved PDA maintained at 50˚C water bath, and each mixture was poured on a sterile disposable plastic Petri plate (100 mm × 15 mm, Thermo Fisher Waltham, MA) to solidify [11] . The concentrations of the chemicals in respective treatments were calculated as 0.075, 0.15, 0.225, 0.3, 0.375, and 0.75%. Since 0.3% soybean oil in PDA has no effect on the in vitro growth of R. solani (Lakshman et al., 2017) , 0.3% soybean oil was used as a negative control in the experiment. A 
In Plate Bioassay for Fungicidal and Fungistatic Actions
For differentiating between the fungistatic (no new growth) versus fungicidal (death of fungus) properties of test chemicals, three 5 mm diameter plugs were taken from the peripheral mycelial growth from each plant extract treated plate and placed in a fresh PDA plate [13] . Observations for mycelial growth (fungis- 
Suppression of Rhizoctonia Damping-off in Cucumber Seedlings in Greenhouse
Procedure as described earlier [15] was followed for testing the effectiveness of Journal of Agricultural Chemistry and Environment chemicals to control Rhizoctonia damping-off from cucumber. In brief, 300 g of dry greenhouse soil (Pro-mix, Premier Horticulture LTD, Red Hill, PA) was mixed with Rhizoctonia inoculum and incubated for 15 days as described above.
The infested soil was subsequently mixed with 100 mL of selected chemical 
Results
In vitro Antifungal Properties of Thymol Derivatives
All the tested thymol derivatives, including the thymol showed antifungal properties in terms of inhibition of fungal growth in the poisoned food bioassay.
Amongst the chemical tested, thymol acetate, thymol benzylether, and thymol showed the highest antifungal activities, demonstrating complete (i.e., 100%) inhibition of fungal growth at the lowest tested concentration (0.075%) of the chemicals (Table 2, Figure 2 ). On the other hand, thymol butyrate, thymol methyl ether and thymol benzoate demonstrated 97.00%, 83.75% and 59.17% inhibition, respectively, at the highest tested concentration (0.75%). Amongst the three antagonistically best chemicals, thymol acetate and thymol showed MLC (i.e., fungicidal activity) at 0.075% concentration, the thymol benzyl ether showed MIC (i.e., fungistatic action) at 0.075% concentration, but MLC at 0.150% concentration. Thus, both thymol acetate and thymol were found to be more potent antifungal chemicals than the thymol benzylether. The thymol derivative, thymol isobutyrate reached MIC only at 0.750%. Banrot® 40 WP at 150 µg/ml concentration in PDA medium gave complete suppression (i.e., 100%) of R. solani, and was fungistatic in action ( Figure 2 ).
The relative antifungal potentials of thymol acetate and thymol were compared by using lower concentrations of the respective chemicals in the poisoned food bioassay. Both the chemicals completely inhibited fungal growth at 0.021% concentration (i.e., MIC). However, at 0.012% concentration, thymol acetate was 96.25% inhibitory to R. solani; thymol was only 58.25% inhibitory to the fungus at the same concentration (Table 3) . Besides, thymol acetate was fungicidal at 0.041% concentration (i.e., MLC), whereas thymol showed MLCat 0.058% concentration. Thus, thymol acetate was found to be slightly more potent antifungal chemical than the thymol itself.
Control of Rhizoctonia Damping-off with Thymol Derivatives
Thymol and the six derivatives were compared at the rate of 0.3% (v/w) as soil amendment to evaluate effectiveness for controlling damping-off from cucumber seedlings by Rhizoctonia pathogen in the greenhouse (Table 4 ). In presence of Although slightly less efficient control of damping-off were noted, thymol methyl ether, thymol isobutyrate, and thymol benzoate gave 62.50%, 54.12%, and 47.87% emergence of cucumber seedlings, respectively. Subsequently, lower doses of both thymol acetate and thymol were compared as soil treatment (Table 5 ).
At 0.075% (v/w) dose, thymol acetate as soil amendment permitted higher emergence of cucumber seedlings than amendment with thymol.
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Discussion
Investigations on the structure-function relationship of antifungal chemicals are important to identify and develop economically viable and effective fungicides with minimum phytotoxicity, low half-life, and reduced environmental hazards [16] .
In this investigation six derivatives of thymol were tested along with thymol, both in vitro for antagonistic potential, and in the greenhouse as soil amendment to control damping-off caused by R. solani. All the derivatives of thymol were prepared by slightly modified literature methods [9] [10].
Among the tested derivatives thymol acetate was identified slightly more effective than thymol itself in the in vitro assay, although thymol was equally effective for the control of damping-off in the greenhouse. While, thymol butyrate was not as antifungal as thymol acetate or thymol in the poisoned food bioassay, it matched with the disease control abilities of thymol and thymol acetate. From these results, it is possible to conclude that compared to thymol, thymol-esters are more or equally efficient than thymol-ethers. However, it is evident that as the alkyl chain in ester become larger the molecule is becoming less effective. In other words, ester with shorter alkyl chain (thymol acetate) is more efficient than that of esters with long/large alkyl chain (butyrate and isoutyrate) or ester with aromatic ring (benzoate). It remains to be seen what other characteristics of thymol butyrate (e.g., physical properties, stability and interaction with the soil environment) play role in management of the disease.
Thymol acetate with higher critical pressure has lowest half-life among all the derivatives we have evaluated. Thymol acetate, as a volatile liquid exhibits critical physiochemical properties compared to Thymol (Table 1) . Deviation from log P value and critical pressure reduces fungicidal activity. Based on simple and economically viable synthetic conversion of thymol to thymol acetate, it becomes choice of soil fungicide. Our research represents the first formal report of antifungal properties of several derivatives of thymol against the soilborne plant pathogenic fungus R. solani. Understanding the influence of various side groups on hydroxy functionality is critical to the development of more effective and broad-spectrum fungicides. A cost comparison and ease of industrial synthesis Journal of Agricultural Chemistry and Environment of the respective derivatives have not been attempted. However, their relative phytotoxic effects, compatibility with commercial pesticides, and antagonistic effects against a broad group of pathogenic fungi and bacteria, insects, and weeds should be investigated to narrow down the most effective thymol derivative(s), to enhance soil fumigation potential, and to develop formulations for foliar spray.
